Although research in finding optimal muffler shapes for low-frequencies noise using reactive mufflers has already been addressed, research into shape optimization of hybrid mufflers that reduce broadband noise within a constrained pressure-drop backpressure is lacking. Therefore, the shape optimization of four kinds of hybrid mufflers using simulated annealing (SA) in conjunction with the generalized decoupling technique and plane wave theory are presented. Here, a numerical case in eliminating nitrogen venting noise is introduced. The reliability of the SA optimization is also verified using the optimization of muffler A for a pure tone. Moreover, the accuracy of the mathematical models is acceptable with minor deviations between the theoretical and experimental data. Results reveal that the higher backpressure limit will result in a higher acoustical performance. Consequently, the acoustical performance for a hybrid muffler equipped with multiple reactive chambers and one dissipative chamber is superior to that of reactive mufflers.
NOMENCLATURE
This paper is constructed on the basis of the following notation:
the section area of the valve's throat
sound speed (m s -1 )
sound speed in a wool (m s -1 ) CC i : coefficients in function (GG i = CC i e y i x ) CCC i (fm): The spectrum correction for a gas blow-off noise at a peak frequency (fm) dh i : the diameter of a perforated hole on the i-th inner tube (m )
diameter of the ith perforated tubes (m)
diameter of the outer tube (m) f: cyclic frequency (Hz) H: dynamic head (Pa) iter:
the maximum iteration number in SA process j:
imaginary unit k:
wave number (= ) components of four-pole transfer matrices for an acoustical mechanism with sudden contraction ducts TE ij :
components of four-pole transfer matrices for an acoustical mechanism with sudden expansion ducts TPP ij :
components of a four-pole transfer matrix for an acoustical mechanism with an empty perforated tube-plug chamber TPD ij :
components of a four-pole transfer matrix for an acoustical mechanism with a perforated chamber filled with sound absorbing wool TS ij :
components of four-pole transfer matrices for an acoustical mechanism with straight ducts T * ij : components of a four-pole transfer system matrix u:
acoustical particle velocity passing through a perforated hole from the i-th node to the j-th node (m s -1 ) u i : acoustic particle velocity at the i-th node (m s -1 ) V:
mean flow velocity (m s -1 ) r o :
air density (kg m -3 ) r o :
w ool density (kg m -3 ) r i : acoustical density at the ith node V i : specific acoustical impedance of the ith inner perforated tube h i : the porosity of the ith inner perforated tube. a ∞ :
the structure factor for the wool Ω:
the porosity for the wool s fr : the flowing resistance for the wool rr i :
ith eigen value of [NN] 4x4 g : the specific heat (=1.4) m:
viscosity for the air(=1.84*10 -5 kgm -1 s -1 ) w:
angular velocity (=2πf) [ΩΩ] 4x4 : the model matrix formed by four sets of eigen vectors ΩΩ 4x1 of [NN] 4x4 . dp max : allowable maximal pressure drop specified by a venting system (Pa) dp i-total : total mean pressure drop for i-th mufflers (Pa)
INTRODUCTION
Research on mufflers used in reducing high frequency noise using a duct lined with sound absorbing material was started by Morse in 1939 [1] . Scott [2] used a volume model for solving the acoustical performance in both circular and rectangular ducts lined with porous material. In 1975, Ko [3] assessed the sound transmission loss in acoustically lined flow ducts separated by porous splitters. Cummings and Chang [4] investigated the duct's acoustical performance at various mean flows using the characteristics of bulk-reacting liners in circular ducts. On the basis of infinite ducts, the above research analyzed the acoustical performance of the duct at a fixed diameter. In 1988, Cummings and Chang [5] established a modal method in analyzing a finite length dissipative flow duct silencer with internal mean flow in the absorbent. By way of the volume modulus, Peat [6] used a transfer matrix in evaluating the acoustical performance for an absorption silencer element in 1991.
Wang proposed a three-dimensional boundary element method (BEM) for analyzing the acoustical performance of a one-chamber dissipative muffler [7] . In 2003, on the basis of plane wave theory, Munjal [8] proposed a four-pole transfer matrix for solving the sound attenuation of pod silencers lined with porous material. Xu et al. [9] , in 2004, assessed the sound attenuation in dissipative expansion chambers using the characteristic equation; however, it was insufficient for a dissipative muffler used in reducing broadband venting noise. Therefore, a hybrid muffler, composed of an acoustical reactive element and a dissipative element, was necessary. Selamet et al. [10, 11] evaluated the acoustical attenuation for perforated concentric absorbing silencers and hybrid silencers using a one-dimensional analytical method, a three-dimensional boundary element method (BEM), and an experimental study. In practical engineering work, the constrained space problem is mostly concerned with the necessity of operation and maintenance where there is a growing need to design a compact muffler by optimizing the acoustical performance within a confined space. In addition, in order to keep the volume-flow-rate steady in a venting system, the back pressure of mufflers within an allowable range is relevant. However, research in seeking a muffler's optimal shape design within a constrained space with limited back pressure has been mostly ignored. In order to promote acoustical performance and overcome the drawback of a possible excess pressure drop in the mufflers, traditional hybrid mufflers, which are equipped with multiple tube-plug chambers and a one-tube dissipative chamber within a fixed space volume and a specified allowable pressure drop, are presented. Moreover, to appreciate the influence of the reactive chambers, only mufflers hybridized with multiple tubeplugged chambers are investigated. To facilitate a numerical assessment, an SA technique used in seeking optimal shapes of mufflers A~D (muffler A: a one tubeplugged chamber and a dissipative chamber; muffler B: two tube-plugged chambers and a dissipative chamber; muffler C: a one tube-plugged chamber only; muffler D: two tube-plugged chambers only) is adopted. By adjusting the muffler's shape, varying the acoustical reactive/dissipative elements, and using the SA and numerical decoupling methods, the optimal acoustical performance of the mufflers with acceptable back pressure can be achieved.
MATHEMATICAL MODELS
In this paper, two kinds of hybrid mufflers (muffler A: a one tube-plugged chamber and a dissipative chamber; muffler B: two tube-plugged chambers and a dissipative chamber) as well as two kinds of reactive mufflers (muffler C: a one tube-plugged chamber only; muffler D: two tube-plugged chambers only) were used for noise abatement in the constrained nitrogen venting system shown in Fig. 1 Min-Chie Chiu and acoustic particle velocity u within the muffler are represented by eight nodes. As indicated in Figs. 2(B) and 3(B), muffler B consisting of twelve acoustical elements is also identified with five categories of components -five straight ducts (I), two expanded plugged ducts (II), two sudden expansion ducts (III), two sudden contraction ducts (IV), and one dissipative duct (V).
The related acoustic pressure p and acoustic particle velocity u within the muffler are represented by thirteen nodes. The detailed mathematical derivation of various muffler systems is presented below. The noise abatement on the constrained nitrogen venting system. The acoustical fields and backpressures with respect to various hybrid mufflers (mufflers A~B).
Muffler A (a one tube-plugged reactive chamber equipped with one dissipative chamber)
As derived in the previous work [12] and Appendix A, individual transfer matrixes with respect to straight ducts, a dissipative duct, an expanded extended duct, and one contracted extended duct are described as follows: The total transfer matrix assembled by multiplication is (8) The sound transmission loss (STL) of a muffler is defined as [13] (9a)
where
As indicated in Fig. 4A , assuming that the flowing friction along a straight duct is so small that the pressure drops inside the straight elements (nodes 0~1, nodes 3~4, nodes 6~7) are negligible. Therefore, there are four kinds of pressure drops left (dp 1A : induced by a perforated plug tube between nodes 1 and 2; dp 1B : induced by a simple expanded tube between nodes 2 and 3; dp 1C : induced by a simple contracted tube between nodes 4 and 5; and dp 1D : induced by a simple expanded tube between nodes 5 and 6). The total pressure drop (dp 1-total ), including a perforated plug tube, a sudden expansion tube, a sudden contraction tube, and a dissipative tube investigated by Munjal et al. [14] , Panigrahi [15] and Bies and Hansen [16] , are described as dp 1-total = dp 1A + dp 1B + dp 1C + dp 1D (10a) where dp 1A =H 11 *(5.6e -0.23x1 +67.3e -3.05x1 );dp 1B =H 12 ; dp 1C =H 13 *0.9837* ; dp 1D =0.0146*V To meet the system requirement of allowable maximal pressure drop (dp max ), the mean pressure drop (dp 1-total ) should be governed as (dp max )≥dp 1-total (11) ( , , , 
Muffler B (two perforated tube-plugged reactive chambers equipped with one dissipative chamber)
As indicated in section 3.1, the total transfer matrix assembled by multiplication is
The sound transmission loss (STL) is [13] (13a)
where As indicated in Fig. 4 (B), the mean pressure drop (dp 2-total ) is [14, 15, 16 ] dp 2-total = dp 2A + dp 2B + dp 2C + dp 2D + dp 2E + dp 2F + dp 2G (14a)
where dp 2A =H 21* (5.6e -0.23x11 +67.3e -3.05x11 ); dp 2B =H 22 *0.9837 ; dp 2C =H 23 * 0.9837 * ; dp 2D = H 24* (5.6e-0.23x111 +67.3e -3.05x111 ); dp 2E =H 25 * 0.9837 * ; dp 2F = H 26 * 0.9837 * ; dp 2G =0. 
To meet the system requirement of allowable maximal pressure drop (dp max ), the mean pressure drop (dp 2-total ) should be governed as (dp max ) ≥ dp 2-total (15)
3.3Muffler C (a muffler equipped with one tube-plugged chamber)
As indicated in previous work [17] , the total transfer matrix assembled by multiplication is (16) The related sound transmission loss (STL) is [13] 2  1  2  3  4  5  6  7  8 ( , , ,
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Min-Chie Chiu
The mean pressure drop (dp 3-total ) is [14, 15] (dp 3-total ) = dp 3A + dp 3B (18) Similarly, the mean pressure drop (dp 3-total ) is governed as (dp max ) ≥ dp 3-total (19)
Muffler D (a muffler equipped with two tube-plugged chambers)
Also, as indicated in previous work [17] , the total transfer matrix assembled by multiplication is (20) The related sound transmission loss (STL) is [13] (21a) The mean pressure drop (dp 4-total ) is [14, 15 ] dp 4-total = dp 4A + dp 4B +dp 4C +dp 4D (22) Similarly, the total mean pressure drop (dp 4-total ) is governed as (dp max ) ≥ dp 4-total (23)
Overall sound power level
The silenced octave sound power level emitted from a silencer's outlet is
Finally, the overall SWL T silenced by a muffler at the outlet is 4  1  2  3  4  5  6 ( , , , 3  1  2  3  4  5  6 ( , , , (25) 3.6 Objective function By using the formulas of Eqs. (9)(13)(17)(21), the objective function used in the SA optimization with respect to each type of muffler was established.
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For muffler A, the objective function in maximizing the STL at a pure tone (f) is (26a)
To minimize the overall SWL, the objective function is The related objective function in minimizing the overall SWL is (28b)
In the same way, for muffler D, the objective function in maximizing the STL at a pure tone (f) is
The related objective function in minimizing the overall SWL is (29b)
*** *** *** *** *** * *** *** *** *** *** *** , , 16 17 
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MODEL CHECKS
Before performing the SA optimal simulation on mufflers, accuracy checks of the mathematical models on various acoustical elements (a perforated plug duct and a resonating chamber filled with sound-absorbing material) are performed using the experimental data from Munjal et al. [18] , and Lee [19] . As depicted in Fig. 4 , the performance curves with respect to theoretical and experimental data at the range of lower frequencies are in good agreement. However, because of the flowing effect, the overall STL curve is shifted to the right side. Moreover, as depicted in Fig. 5 , there are discrepancies between the experimental data and the predictions. It might be due to the different conditions (i. e. such as structure factor and characteristic length between them. Nevertheless, the trends of the STL between the theoretical and experimental data shown in Figs 5~6 are roughly in agreement. Therefore, the proposed fundamental mathematical models with related acoustical components are acceptable. Consequently, the models linked with the numerical method are applied to the shape optimization in the following section. Min-Chie Chiu
CASE STUDIES
In this paper, a space-constrained muffler for a gas venting system shown in Fig. 1 is connected to a high pressure nitrogen blow-down (with a mass flow rate(W) of 7920 kg/H) system for the purpose of eliminating noise. The upstream pressure (P oo ) and temperature (T oo ) of the safety valve are 16kg/cm 2 Table II . Before the optimal minimization of the broadband noise is performed, the maximization of the STL with respect to muffler A with Lo=1.0 (M), Do=0.4(M), dp max = (200 (Pa), 400(Pa), 600(Pa), 800(Pa), and infinite), and Q=0.05 (m 3 /s) at targeted pure tone (1000 Hz) has been performed for the purpose of an accuracy check on the SA method. Moreover, to appreciate the effect of the broadband noise reduction with respect to various backpressure limits, three backpressure limits (dp max = (9800 Pa, 19600 Pa, and infinite)) have been assessed in the broadband noise elimination. 
Table I
The corresponding space constraints and the ranges of design parameters for mufflers (broadband noise).
SIMULATED ANNEALING
Evolutionary Algorithms have been widely developed for two decades. Many good EAs such as the Genetic Algorithm (GA) [21, 22] and Simulated Annealing (SA) [23] , etc., have been established. Here, sensitivity analysis is not necessary for choosing the starting design data, which is required in the classical gradient methods of the exterior penalty function (EPFM), the interior penalty function method (IPFM) and the feasible direction method (FDM) [24] . GA and SA are powerful stochastic search methods primarily adopted in the field of engineering. One important distinction between GA and SA is that the parameter of SA (cooling and iteration) is less than that of the GA (population size, bit of chromosome, generation, crossover, mutation, elitism) during optimization. Therefore, SA is adopted as an optimizer and used in the muffler's shape optimization.
The basic concept behind simulated annealing (SA) was first introduced by Metropolis et al. [25] and developed by Kirkpatrick et al. [26] . Each point X of the search space is compared to a state of some physical system, and the function F(X) to be minimized is interpreted as the internal energy of the system in that state. Therefore, the goal is to bring the system from an arbitrary initial state to a state with the minimum possible energy. Annealing is the process of heating and keeping a metal at a stabilized temperature while cooling it slowly. Slow cooling allows the particles to keep their state close to the minimal energy state. The algorithm starts by generating a random initial solution. The scheme of SA is a variation of the hillclimbing algorithm. All downhill movements for improvement are accepted for the decrement of the system's energy. In order to escape from the local optimum, SA also allows movement resulting in solutions that are worse (uphill moves) than the current solution. To imitate the evolution of the SA algorithm, a new random solution (X') is chosen from the neighborhood of the current solution (X). If the change in the objective function (or energy) is negative (∆F ≤ 0), the new solution will be acknowledged as the new current solution with the transition property (pb(X') of 1. If the change is not negative (∆F > 0), the probability of making the transition to the new state X' will be a function pb(∆F / CT) of the energy difference ∆F = F(X`) -F(X) between the two states and a function of the global time-varying parameter T. The new transition property (pb(X')) varied from 0~1 will be calculated by Boltzmann's factor (pb(X') = exp (-∆F / CT) as shown in Eq. (31) (31a) (31b)
where C and T are the Boltzmann constant and the current temperature. Moreover, compared with the new random probability of rand(0,1), if the transition property (pb(X')) is greater than a random number of rand(0,1), the new solution (worse solution) which results in a higher energy condition will then be accepted; otherwise, it is rejected. Each successful substitution of the new current solution will lead to the decay of the current temperature as
where kk is the cooling rate.
As the flow diagram indicates in Fig. 6 , during the optimization process, the back pressure (dp) will be calculated and compared with the limit of dp max . If dp is smaller than dp max, the current solution will be valid and used for further iteration. If this is not the case, fitness will be weighted by w i to discard the current solution. The process is repeated until the predetermined number (iter) of the outer loop is reached. Obviously, the effect of the state energies on the system's evolution depends on the temperature. The evolution is sensitive only to coarser energy variations when T is large and to finer variations when T is small.
RESULTS AND DISCUSSION
Results
To achieve good optimization, two kinds of optimal SA parameters, a cooling rate (kk) and an iteration time (iter), are obtained by varying their values during optimization. The optimization system is encoded by Fortran and run on an IBM PC -Pentium IV. The results of two kinds of optimizations ? one, a pure tone noise used for SA's accuracy check; and the other, a broadband noise occurring in a nitrogen venting system -are described below.
Pure tone noise optimization
For muffler A (a one tube-plugged reactive chamber muffler connected to a dissipative chamber), various sets of SA parameters are tested during the optimization process. The simulated result optimized at the pure tone of 1000Hz without a backpressure limit is shown in Table III . As indicated in Table III , the optimal design data can be obtained when the SA parameters at kk and iter = 0.99 and at 1000 are applied. The computation time used in optimization is within 0.6~6.4 seconds. Using the design data in a theoretical calculation, the optimal STL curves with respect to various SA parameters are plotted and depicted in Figs. 7 and 8. As revealed in Figs. 7 and 8, the STL is precisely maximized at the desired frequency (1000 Hz) when the SA parameters are set at kk and iter =0.99 and 1000. Moreover, to appreciate the influence of the backpressure on the acoustical performance of the muffler at the targeted tone (1000 Hz), five cases of backpressure limits (200 (Pa), 400 (Pa), 600 (Pa), 800 (Pa), and infinite) are tested. The muffler's optimal STLs with respect to various backpressure limits are summarized in Table IV . The computation time is around 4.2~4.36 seconds. Using the optimal design in a theoretical calculation, four optimal STL curves for muffler A with respect to various backpressure limits are plotted in Fig. 9 . As revealed in Fig.9 , the peak points of the STLs will shift to the target tone when the backpressure limits increase. Obviously, to meet the backpressure limit, the acoustical performance (STL) will be reduced. 
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Broadband noise optimization
By using the above SA parameters, the optimal muffler's design data at the limited backpressure of 9800 (Pa) for mufflers A~D used to minimize the sound power level at the muffler's outlet are summarized in Table V . As illustrated in Table V , the resultant sound power levels with respect to mufflers A~D have been dramatically reduced from 128.1 dB to 94.7 dB, 49.6 dB, 75.5 dB, and 103.1 dB. The related backpressures on mufflers A~D are 9124.5, 9798.0, 2614.5, and 7660.3 (Pa) and are lower than the specified pressure drop of 9800 (Pa).
To appreciate the influence of the backpressure limit on the resultant sound power level during SA optimization, the backpressure limit of 19600 (Pa) has been assessed and shown in Tables VI and VII. As indicated in Table VI, the resultant sound power levels with respect to mufflers A~D have been reduced from 128.1 dB to 88.7 dB, 31.3 dB, 71.7 dB, and 98.7 dB. Similarly, as indicated in Table VII , the resultant sound power levels with respect to mufflers A~D have been reduced from 128.1 dB to 77.6 dB, 8.6 dB, 45.5 dB, and 3.9 dB. The required computation time used in the above optimization is 3.4~6.31 seconds. Using this optimal design in a theoretical calculation, the resultant curves of the SWL with respect to muffler A at various backpressure limits are plotted in Fig. 10 . Similarly, the SWL with respect to mufflers B~D with various backpressure limits are plotted in Figs. 11~13 .
Consequently, the comparison of SWL with respect to four kinds of mufflers (A~D) at backpressure limits of (9800 (Pa), 19600 (Pa), and infinite) are plotted in Figs. 14~16. The STL curves with respect to various mufflers at dp max =9800 (Pa) (broadband noise; Lo=2.0 (M); Do=0.8 (M);Q=0.994 (m 3 /s)). Figure 15 .
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The STL curves with respect to various mufflers at dp max =19600 (Pa) (broadband noise; Lo=2.0 (M); Do=0.8 (M); Q=0.994 (m 3 /s)). Figure 16 . The STL curves with respect to various mufflers at dp max =infinite (broadband noise; Lo=2.0 (M); Do=0.8 (M); Q=0.994 (m 3 /s)).
Discussion
To achieve a sufficient optimization, the selection of an appropriate SA parameter set is essential. As indicated in Table III and Figs. 7~8, the best SA sets with respect to muffler A at the targeted pure tone noise of 1000 Hz have been shown. The Figs. 7~8 reveal the predicted maximal values of the STL are precisely located at the desired frequency. Therefore, using the SA optimization in finding a better design solution is reliable; moreover, all the pressure drops calculated in various mufflers can meet the specified allowable back pressure of 1000 (Pa). For muffler A, using the appropriate SA sets with five kinds of backpressure limits, the related optimal design data and STL curves are shown in Table IV and plotted in Fig. 9 . The results reveal that higher backpressure limits will improve the acoustical performance of the muffler. As indicated in Figs.10~13, it is obvious that the acoustical performance when dealing with a broadband noise will decrease if the limited backpressure decreases. Moreover, as can be seen in Figs. 14~16, considering a specified backpressure, muffler B, equipped with two reactive chambers and one dissipative chamber, is superior to other mufflers. Meanwhile, because of the high backpressure occurring in the reactive chambers, muffler D will have the worst acoustical performance. Moreover, regardless of the system's backpressure limits, muffler B and D will have a better noise reduction than the other mufflers Therefore, for a broadband noise with backpressure limits, the hybrid type muffler composed of both reactive and dissipative chambers will have a better acoustical performance than that of the reactive muffler. Moreover, a hybrid muffler with more chambers will improve the acoustical performance. Consequently, in seeking a better STL with a dp below the allowable maximal pressure drop, a compromise between design parameters during the numerical optimization process is obligatory.
CONCLUSION
It has been seen that multi-chamber hybrid mufflers in conjunction with a SA optimizer can be easily and efficiently optimized under space and dp limits by using a generalized decoupling technique, plane wave theory, as well as a four-pole transfer matrix. Two kinds of SA parameters (kk, iter) play essential roles in the solution's accuracy during SA optimization. As indicated in Figs. 7 and 8 , the tuning ability established by adjusting the design parameters in muffler A is reliable. For muffler A, using the appropriate SA sets with five kinds of backpressure limits, the related optimal design data and STL curves shown in Table IV and plotted in Fig. 9 indicates that the higher backpressure limits will improve the acoustical performance of the muffler.
In addition, the appropriate acoustical performance curves for mufflers A~D in depressing overall broadband noise have been assessed. As indicated in Table VI , the resultant sound power levels with respect to mufflers A~D with a backpressure limit of 9800 (Pa) have been dramatically reduced from 128.1 dB to 88.7 dB, 31.3 Figure 17 .
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The mechanism of a dissipative muffler. Fig. 17 , the perforated resonator is composed of an inner perforated tube and an outer resonating chamber. Based on Sullivan and Crocker's derivation [27] , the continuity equations and momentum equations with respect to the inner and outer tubes at nodes 2 and 2a are listed below. where V is the specific acoustical impedance of the perforated tube. The empirical formulations developed by Sullivan [27] and Rao [28] for the perforates with and without mean flow are adopted in this study.
For perforates with a stationary medium, we have 
According to Eqs. (A11) and (A12), the new matrix between {y'} and {y} is 
